Left-handed materials usually are realized in artificial subwavelength structures. Here we show that some anisotropic superconductors, such as Bi 2 Sr 2 CaCu 2 O 8+δ , YBa 2 Cu x O y and La 2−x Sr x CuO 4 , are intrinsic lefthanded materials. The condition is that the plasma frequency in the c axis, ω c , and in the ab plane, ω ab , and the operating frequency, ω, satisfy ω c < ω < ω ab . In addition ω should be smaller than the superconducting energy gap to sustain superconductivity. We study the reflection and transmission of electromagnetic waves, and reveal negative refraction and backward wave with phase velocity opposite to the direction of energy flux propagation. We also discuss possible approaches of improvement, making these properties feasible for experimental validation. Being intrinsic left-hand materials, the anisotropic superconductors are promising for applications in novel electromagnetic devices in the terahertz frequency band.
Left-handed materials usually are realized in artificial subwavelength structures. Here we show that some anisotropic superconductors, such as Bi 2 Sr 2 CaCu 2 O 8+δ , YBa 2 Cu x O y and La 2−x Sr x CuO 4 , are intrinsic lefthanded materials. The condition is that the plasma frequency in the c axis, ω c , and in the ab plane, ω ab , and the operating frequency, ω, satisfy ω c < ω < ω ab . In addition ω should be smaller than the superconducting energy gap to sustain superconductivity. We study the reflection and transmission of electromagnetic waves, and reveal negative refraction and backward wave with phase velocity opposite to the direction of energy flux propagation. We also discuss possible approaches of improvement, making these properties feasible for experimental validation. Being intrinsic left-hand materials, the anisotropic superconductors are promising for applications in novel electromagnetic devices in the terahertz frequency band.
In conventional materials or the right-handed materials, the group velocity and phase velocity of electromagnetic waves are in the same direction. In contrast, the group velocity is opposite to the phase velocity in left-handed medium (LHM). [1] Because of their novel electromagnetic properties, LHM are promising for many applications, including antennas, superlens and cloaking. [2, 3] To realize the LHM, generally one needs to artificially engineer the electromagnetic medium in subwavelength scale to create superlattice structures with effective permittivity and permeability. [4, 5] These electromagnetic superlattices are metamaterials which are currently under active research. There is a family of metamaterials with a hyperbolic dispersion of the electromagnetic waves, called hyperbolic metamaterials. [6] [7] [8] [9] The isofrequency surface of the wave vector is hyperbolic, see Fig. 1(a) , instead of an ellipsoid in conventional materials. One way to realize the hyperbolic electromagnetic dispersion is to use layered metal-dielectric periodic structures. [10] The dielectric constant in metals at frequency below the plasma frequency is negative while the dielectric constant for the dielectric medium is positive. By properly choosing the thickness of the metallic and dielectric layers, the layered superlattice can have a negative effective dielectric constant for electromagnetic waves propagating in one direction. To date, most LHMs are artificial structure, while the naturally occurring LHMs are limited. [11] Anisotropic layered crystals are ubiquitous. One notable class of layered materials are superconductors, such as cuprate and iron pnictide superconductors. Here we show that the anisotropic superconductors are possible intrinsic LHMs, and find the conditions for realizing the LHMs. We have already identified Bi 2 Sr 2 CaCu 2 O 8+δ (BSCCO), YBa 2 Cu x O y (YBCO) and La 2−x Sr x CuO 4 (LSCO) cuprate superconductors as LHMs. In analog to metals, superconductors also host plasma mode which is a collective excitation of Cooper pairs and electromagnetic fields. Because of the weak interlayer superconducting coupling in anisotropic superconductors [12, 13] , the plasma frequency is anisotropic and the plasma frequency in the c axis can be as low as sub-terahertz * szl@lanl.gov and blew the superconducting energy gap. [14, 15] Because the quasiparticle excitations are gapped at the operating frequencies, the dissipation caused by quasiparticles can be minimized. The upper bound of the operating frequency is limited by the superconducting energy gap. For high T c cuprate superconductors, the upper frequency limit can be as high as 10 THz. Therefore the superconducting LHMs can operate in the terahertz frequency band, a frequency band is noticeably underutilized but has huge potential for applications. [16, 17] For highly anisotropic superconductors where the superconducting layers are coupled through weak Josephson interaction, the inductance of the system can be tuned by bias current or external magnetic field, therefore allowing for tuning of the electromagnetic (EM) response. All these unique properties make anisotropy superconductors promising for applications in EM devices with left-hand properties.
We consider an anisotropic superconductor with in-plane (ab plane) plasma frequency, ω ab = c/λ ab , above the superconducting energy gap, ∆, and the out-of-plane (c axis) plasma frequency, ω c = c/λ c , below ∆, i.e. ω c < ∆ < ω ab . Here λ ab and λ c are the London penetration depth. Examples are BSCCO [12, 13] , YBCO [18, 19] , LSCO [20, 21] and some organic superconductors [22, 23] . The length scales that are relevant for EM properties are the London penetration depth, which are much bigger than the superconducting coherence length and the crystal lattice constant. We adopt the anisotropic Ginzburg-Landau equation and assuming the amplitude of the superconducting order parameter Ψ = |Ψ| exp(iφ) does not change in space and time, valid for weak incident waves with frequency below the superconducting energy gap. The Ginzburg-Landau free energy functional for superconductivity is
where the anisotropy is due to the anisotropic Cooper pairs mass m µ . Here Φ 0 = hc/2e is the quantum flux. The supercurrents in the ab plane J ab and the c axis taking derivative of F with respect to A ab and A c
where µ = x, y, z and λ x = λ y = λ ab , λ z = λ c . The time variation of the supercurrent generates electric fields, E, according to the London equation
For the Josephson-coupled superconductors, Eq. (3) for J c needs to be modified to account for the gauge invariant phase φ. [15, 24] Here we take φ = 0 valid when no external current or magnetic field is applied. We will discuss the effect of φ below. Using the Ampere's law, we have
where at the right-hand side are the total current density consisting of supercurrent, normal dissipative current with conductivity σ µ and the displacement current. The dielectric functions in the frequency domain µ (ω) is
Here µ (ω) has imaginary part due to the dissipation. In the case ω c < ∆ < ω ab considered here, Re[ c ] > 0 and Re[ ab ] < 0 in the frequency region ω c < ω < ∆, which are essential for the following results. First let us study the plasma modes inside an anisotropic superconductor. Using the Faraday's law ∇ × E = −∂ t B/c and Eq. (4), we obtain equation for E in the Fourier space
In our notation, the phase velocity is v · q = −ω. There are three plasma modes with the eigen frequencies and eigen vectors as shown in Fig. 1(a) . The third mode ω 3 is the nontrivial plasma mode giving rise to the left-handed properties, and we will focus on ω 3 in the following discussions. We will demonstrate below that anisotropic superconductors are intrinsic LHMs by considering the reflection and refraction of EM waves [7] at its bc and ab surfaces. First we study reflection of transverse magnetic wave at the bc surface as displayed in Fig. 2(a) , where only the ω 3 mode is excited. The system is uniform in the y axis and k y = q y = 0. In the upper region with an dielectric constant d , the dispersion of the EM wave is given by (k
At the interface k z and q z are continuous, and we have q z = k z = − √ d ω sin θ/c, where the negative sign originates from the phasor definition of EM waves and indicates wave propagation in the positive z direction. From Eq. (9), we obtain q x = ± c (1 − d sin 2 θ/ ab )ω/c. We will determine the sign of q x from the direction of the energy flux which has a component in the negative z direction. The imaginary part of q x accounts for the dissipation. We consider the case where dissipation is weak as in the case of BSCCO, Im[ µ ]
Re[ µ ], and neglect the dissipation in the following derivations. Using the boundary conditions at the interface, (
We then consider the energy flow inside the superconductor by calculating the Poynting vector P =
wherex andẑ are unit vectors in the x and z directions, respectively. Here P·x < 0 must be negative because the energy flow into the negative x direction, which requires q x > 0. Therefore the x component of the phase velocity and the energy flux flow are in the same direction. Because q z < 0 and ab < 0, the z component of the energy flux flow, P ·ẑ < 0, suggests the opposite direction to the phase velocity. This negative refraction has the refraction angle
The reflection coefficient is
There is always reflection because c < 1 ≤ d according to Eq. (5). The transmission coefficient is
At the BSCCO and vacuum interface, Re[ c ] < 1, d = 1 and −Re[ ab ] 1, substantial portion of the incident wave can still transmitted into the bc surface of the BSCCO with a small refraction angle α ∝ 1/| ab | 1. Basically the transmitted wave travels along the layer direction with the electric polarization in the crystal c axis because of the strong anisotropy in BSCCO [14, 15] .
The EM waves transmitted into BSCCO decay because of the dissipation. For ω c ≈ 1.5 THz, ω ab = 750 THz, σ ab ≈ 4 × 10 6 Ω · m −1 and σ c ≈ 0.2 Ω · m −1 in BSCCO [25, 26] , the decay length is about r d ≈ 2 cm at an incident angle θ = π/4 and operating frequency ω = 5ω c and d = 1, which would be simple to perform transmission experiments using bulk BSCCO crystals. However, it would be technically challenging to experimentally measure the small negative refraction angle α in highly anisotropic superconductors using the configuration in Fig. 2(a) . For BSCCO, we estimate α ≈ sin θ/10000 at operating frequency ω = 5ω c . Therefore, one only measures the wave propagation along the ab plane, resulting a trivial beam shift when a BSCCO slab is used. To achieve a sizable negative refraction angle, one may use less anisotropic materials with ω c < ω < ∆ < ω ab . One may introduce defects into superconductors to increase London penetration depth and to render the superconductor less anisotropic, or use superconductor/dielectric multilayer artificial structures where the anisotropic properties can be tuned through tailoring the layer thicknesses, see the discussions below.
Let us proceed to study the reflection and transmission of EM wave at the ab plane of an anisotropic superconductor, as displayed in Fig. 2(b) . In this case, we have
We have taken negative sign here because the energy flux flow in Eq. (20) 
The Poynting vector is
The required negative q z (i.e., phase velocity in positive z direction) suggests that the z component of the EM energy flux flow is opposite to that of the phase velocity, i.e., backward waves. We also havex · P > 0 because q x = − √ d ω sin θ/c < 0, therefore we have normal refraction at the interface. The refraction angle is
The reflection and transmission coefficients are
For BSCCO or LSCCO, only a small fraction of the incident EM can penetrate into the superconductor from the ab surface because the refraction angle is α ≈ π/2 for a not small incident angle θ and the transmitted wave travels along the interface, or the incident wave is almost completely reflected, R ≈ 1, for a small θ. It is difficult for EM to propagate in the crystal c axis in the frequency region ω < ω ab because the EM wave has to cross the superconducting layers. The EM wave can travel along the weak superconducting region in the ab plane with plasma frequency ω c . In order to realize significant transmission, one needs to reduce the the effective ab , either using less anisotropic superconductors or using superconductor/dielectric artificial structures, where one may be able to measure the opposite directions of phase and group velocity using terahertz time-domain spectroscopy [27] .
One of the advantages using anisotropy superconductors such as BSCCO is that the superconducting layers are coupled through the Josephson junctions, where the plasma frequency ω c can be tuned by the bias current in the c axis or external magnetic field in the ab plane. In this case, we need to replace Eq. (3) by ∂ t J c = c 2 E z cos φ /(4πλ 2 c ), where · · · represents spatial average. In the presence of a bias current I ext , φ is given by sin φ = I ext /I c0 with I c0 the critical current. We have ω c = c 2 cos φ/λ 2 c . This points a way to tune c and to achieve controlled functionalities of LHMs by applying bias current or magnetic field.
As previously mentioned, in superconductors such as BSCCO the highly anisotropy results in minimal negative refraction angle or transmission. Here we discuss an alternative realization of superconducting LHMs with controlled EM response by using artificial superconductor/dielectric superlattice as depicted in Fig. 1(b) . Such a superlattice can be modeled as a stack of Josephson junctions, which have been discussed extensively in the past both experimentally [28, 29] and theoretically [30, 31] . We employ the effective medium theory to obtain the dielectric constant of the superlattice. We consider that the electromagnetic wavelength is much bigger than the period of the superlattice and neglect the variation of EM fields inside the layers. The electric displacement field D l in the l-th superconducting layer is D s,l = s E s,l and similarly for the insulating layer D I,l = I E s,l . Here we consider an isotropic superconductor with s = 1 − ω 2 s /ω 2 − i4πσ/ω, where the plasma frequency is ω s = c/λ with λ the London penetration depth and σ the electric conductivity. Averaging D and E over one period and using the standard EM boundary condition, we obtain
The effective permittivity are [10] 
For ω < ω s , Re[ s ] < 0. The anisotropy ratio c / ab can be tuned by the thickness d s and d I . Moreover c can be tuned by bias current and magnetic field in the presence of Josephson coupling, when the superconducting coherence length is larger than the thickness of the dielectric layers, where it would be possible to achieve active tuning by applying electrical currents or magnetic field, similar to the case of BSCCO.
To summarize, we demonstrate that for anisotropic superconductors with plasma frequency in the c axis, ω c , and in the ab plane, ω ab , they are intrinsic left-handed materials in the operating frequency region ω c < ω < ω ab . Meanwhile ω should be below the superconducting energy gap in order to maintain superconductivity. We study the reflection and transmission of electromagnetic waves at the surface of superconductors and found the existence of negative refraction and backward waves. We identify Bi 2 Sr 2 CaCu 2 O 8+δ , YBa 2 Cu x O y and La 2−x Sr x CuO 4 as intrinsic left-handed materials. Because of the huge anisotropy, the negative refraction angle is small and the transmission coefficient for the backward wave is tiny at the interface between these cuprate superconductors and vacuum. The negative refraction angle and transmission coefficient can be improved in less anisotropic superconductors or using superconductor/dielectric superlattices. Recently it has been shown that anisotropic superconductors can emit a strong monochromatic THz waves [32] [33] [34] . The anisotropic superconductors can also be used as detectors and amplifiers [35] [36] [37] [38] . Combined with the left-handed propertied revealed here, it is expected that anisotropic superconductors can be used in novel electromagnetic devices with low loss.
